Objective: The purpose of this laboratory study was to evaluate the fatigue resistance, fracture resistance and mode of failure of posterior hybrid-abutment-crown vs.
| INTRODUC TI ON
Implant placement might be the ideal choice to replace a single missing posterior tooth, due to its high survival rate (Jung, Zembic, Pjetursson, Zwahlen, & Thoma, 2012; Salinas & Eckert, 2007; Torabinejad et al., 2007) . Success of this treatment modality is not only related to successful osseointegration, but also to the respective supra-structure. The main focus in prosthodontic research is the development of materials with improved biomechanical and esthetic properties. Computer-aided design/computer-aided manufacturing (CAD/CAM) technology simplified the construction of implant-supported restorations and reduced the challenging laboratory steps (Joda, Ferrari, Gallucci, Wittneben, & Brägger, 2017) .
Titanium abutments were the most commonly used implant abutments, as they have well documented clinical success and survival rates (Sailer, Philipp, et al., 2009) . The high esthetic demands of both dentists and patients have shifted the attention to all-ceramic abutments. Nowadays, zirconia abutments became the most commonly used in the esthetic zone due to its physical, mechanical and acceptable optical properties (Vagkopoulou, Koutayas, Koidis, & Strub, 2009) . Several laboratory studies evaluated zirconia abutments for anterior teeth (Alqahtani & Flinton, 2014; Foong, Judge, Palamara, & Swain, 2013; Kerstein & Radke, 2008; Kim, Kim, Brewer, & Monaco, 2009; Sui et al., 2014) . The reported fracture resistance ranged from 200 N to 831 N under static loading and from 104 N to 567 N after dynamic loading. Although these fracture loads were within the normal range of maximum occlusal forces in the incisor area, 89 N to 111 N (Ferrario, Sforza, Serrao, Dellavia, & Tartaglia, 2004) , zirconia abutments encountered some problems such as fracture at the apical part (Alqahtani & Flinton, 2014) , fretting wear (Stimmelmayr et al., 2012) and uncertainty of its long-term performance (Passos, Linke, Larjava, & French, 2016; Zembic, Philipp, Hämmerle, Wohlwend, & Sailer, 2015) .
Titanium bases were therefore introduced to combine the benefits of having a titanium-to-titanium connection while providing an esthetic abutment. Several laboratory studies reported that zirconia abutments with titanium bases had higher fracture resistance (Alsahhaf, Spies, Vach, & Kohal, 2017; Elsayed, Wille, Al-Akhali, & Kern, 2018; Gehrke, Johannson, Fischer, Stawarczyk, & Beuer, 2015; Guilherme, Chung, Flinn, Zheng, & Raigrodski, 2016; Rosentritt, Rembs, Behr, Hahnel, & Preis, 2015; Sailer, Sailer, Stawarczyk, Jung, & Hämmerle, 2009) . Bonding titanium bases to hybrid-abutments requires an appropriate surface treatment of each bonding surface (Ebert, Hedderich, & Kern, 2007; Gehrke, Alius, Fischer, Erdelt, & Beuer, 2014; Guilherme, Wadhwani, Zheng, & Chung, 2016; Mehl, Zhang, Lehmann, & Kern, 2018) .
High translucency of lithium disilicate ceramic (Harada et al., 2016) and good mechanical properties (Li, Guo, Wang, Zhang, & He, 2016) introduced the possibility of using lithium disilicate with titanium bases as abutments. Few studies have investigated the use of lithium disilicate as an abutment material (Elsayed, Wille, Al-Akhali, & Kern, 2017; Elsayed et al., 2018;  Protopapadaki, Monaco, Kim, & Davis, 2013) .
Several systematic reviews were conducted to compare the performance of screw and cement-retained restorations in regard to survival rate, technical and biologic complications. However, there was no clearly advantageous design over the other (Chaar, Att, & Strub, 2011; de Brandão, Vettore, & Vidigal Júnior, 2013; Lemos et al.., 2016; Ma & Fenton, 2015; Sailer, Mühlemann, Zwahlen, Hämmerle, & Schneider, 2012; Sherif et al., 2014; Vigolo, Mutinelli, Givani, & Stellini, 2012; Wittneben, Joda, Weber, & Brägger, 2017) . Recent digitalization of the fabrication process in addition to the modified hybrid designs might change the outcomes of such restorations.
Two designs are possible; either hybrid-abutment-crown, where the abutment and crown are manufactured as one-piece that will be bonded to titanium base then screwed to the implant, or hybridabutment with a separate crown, where the abutment is bonded to titanium base first, then screwed to the implant followed by cementation of an all-ceramic crown on top of it. Theses designs are usually chosen according to the clinicians' and patients' preferences and the clinical situation. Only few studies evaluated the difference between hybrid-abutment-crowns and hybrid-abutments with separate crowns (Elsayed et al., 2017 (Elsayed et al., , 2018 Hussien et al., 2016; Roberts, Bailey, Ashcraft-Olmscheid, & Vandewalle, 2018) . Initial laboratory investigations and systematic reviews demonstrated promising results for monolithic crowns on prefabricated titanium bases (Conejo, Kobayashi, Anadioti, & Blatz, 2017; Joda, Bürki, Bethge, Brägger, & Zysset, 2015; Priest, 2017) .
Some posterior teeth as premolars show in the patients smile, thus restoring these teeth esthetically is mandatory. While some studies have investigated the performance of zirconia abutments in the posterior region (Honda et al., 2017; Hosseini, Worsaae, Schiødt, & Gotfredsen, 2013; Vechiato-Filho et al., 2016) , the performance of lithium disilicate abutments is still unknown. Long (5 mm) titanium bases might provide support to the restoration but in many clinical cases with reduced inter-occlusal space a short titanium base is indicated. A pilot study was conducted with 3 and 5 mm height titanium bases; we found no differences. Therefore, short (3 mm) titanium bases were selected to test their ability to support a single tooth Kavo, Biberach, Germany) was used to calibrate the torque wrench before use. The screws were retightened after 10 min to avoid preloaded screw loosening (Siamos, Winkler, & Boberick, 2002) . The screw access channels were sealed by Teflon tape then with lightcured composite (Tetric Evoceram; Ivoclar Vivadent). For group C, after cementation all specimens were screwed to their respective implants under 20 Ncm torque (as in group S), then the screw access channel was sealed with Teflon and temporary composite material was applied (Telio CS Inlay; Ivoclar Vivadent). The crowns were then cemented to their respective abutments using self-adhesive, selfcuring resin cement (SpeedCEM Plus; Ivoclar Vivadent). All specimens were stored for 72 hr in 37°C distilled water before testing.
| MATERIAL S AND ME THODS
Each group was subjected to 1.2 million cycles of thermo-mechanical fatigue loading in a dual-axis chewing simulator (Chewing Simulator CS-4; SD-Mechatronik, Westerham, Germany). Temperature fluctuations were 5 to 55°C with a 60 s dwell time at each temperature. This represented 5 years of clinical service (Kern, Strub, & LU, X. Y., 1999) . A load of 120 N load was applied using 6 mm ceramic steatite ball (Hoechst Ceram Tec, Wunsiedel, Germany) as an antagonist, the ceramic ball was re-contoured to avoid contacting the palatal cusp during dynamic loading. The loading point was at the 30° angled buccal cusp slope, 1 mm below the cusp tip to simulate worst-case scenario of offset loading.
Surviving specimens were subsequently subjected to quasistatic loading in a universal testing machine (Zwick Z010; Zwick, Ulm, Germany) using a stainless-steel bar with 6 mm diameter semispherical ball that was also re-contoured to avoid contacting the palatal cusp during loading. A tin foil of 0.3 mm thickness (Zinnfolie;
Dentaurum, Ispringen, Germany) was placed between the loading stamp and crown to achieve a homogenous stress distribution 
| RE SULTS
Not all specimens survived the 1.2 million cycles of thermo-mechanical fatigue loading. Specimens were classified as failed when failures in titanium bases and/or failures in ceramic superstructure were detected. One specimen (12.5%) from group ZC, two specimens (25%) from group ZS, three specimens (37.5%) from group LS and four specimens (50%) from group LC failed during chewing simulation. These failures took place after 1 million cycles of chewing simulation.
Failed specimens were not subjected to fracture load test and were given the fracture load value of 188 N for the statistical analysis, which represents the impact of the actual load (120 N) that caused failure during chewing simulation (Steiner, Mitsias,
Ludwig, & Kern, 2009). Normality test was done to all groups using
Kolmogorov-Smirnova and Shapiro-Wilk tests. Subsequently, the data were found to be not normally distributed. The fracture resistance ranged from 3,730 N for group ZC, 3,400 N for group ZS, 1,295 N for group LS to 849 N for group LC.
The Mann-Whitney test showed that there was no significant effect of interaction of material and design on the fracture resistance of the different implant-supported restorations. Zirconia restorations had a statistically higher fracture resistance than lithium disilicate restorations, while hybrid-abutment-crown and hybridabutment groups did not differ. Group ZC had a statistically significant higher fracture resistance than groups LC and LS; however, it did not differ significantly from group ZS (Figure 3) . The other groups did not differ significantly. Therefore, the null hypothesis had to be partially rejected.
Different failure patterns were detected after both tests; failures in titanium bases and failures in ceramic superstructure (Table 2) .
Fracture pattern of the titanium base was the same in all specimens:
two fractures in the mesiobuccal area and one fracture in the distobuccal area and in some specimens the buccal margin in between was dislodged (Figure 4) . Moreover, all specimens showed bending in the titanium bases after fracture load test. The amount of bending was more severe in zirconia specimens than in lithium disilicate specimens as revealed by the load to displacement curve. No screw fractures were detected, as there was no mobility at the implantabutment connection, however, bending of screws took place.
Two types of failures were observed in the ceramic superstructures: fractures and adhesive failure between titanium base and ceramic superstructure. During chewing simulation, adhesive failures were seen in both ceramic groups (Figure 5a ), while fractures were 
| D ISCUSS I ON
The null hypothesis that the material and design would have no effect on the fatigue, fracture resistance and mode of failure of the different implant-supported restorations was partially rejected. As it was found that the material of the implant-supported restorations had a significant effect, while the design had no significant effect on the fracture resistance of the different implant-supported restorations as well as the interaction between them.
Failure modes after chewing simulation were different.
Failures in zirconia restorations were only found in the titanium base, while failures in lithium disilicate restorations were found in the titanium bases and ceramic superstructures. This might be due to the higher fracture strength and fracture toughness of zirconia (Vagkopoulou et al., 2009) , in comparison to lithium disilicate (Li et al., 2016) . Group ZS had slightly more failures than group ZC; this could be due to the hybrid-abutment design that may allow better force dissipation due to the presence of multiple interfaces (crown/abutment and abutment/titanium base) (Nogueira et al., 2016) , while the hybrid-abutment-crown design has only a small interface area at the bonding surface to the titanium base. Group LC showed more failures than group LS, which can be attributed to the higher strength of the material when used as a monolithic block than when used as an abutment and crown with minimum thicknesses.
The results of this study were in agreement with who found that both zirconia and lithium disilicate abutments with titanium bases failed after step stress fatigue loading. Failure modes in zirconia abutments were mainly seen as adhesive failures in the titanium bases, while failures in lithium
Fracture resistance of test groups in N (newton). Box plots indicate median and interquartile ranges. Statistically, significant differences are indicated by red horizontal lines below the box plots (p < 0.05), * = outlier TA B L E 2 Failure modes after chewing simulation and after fracture load testing. Some specimens exhibited combined failures modes F I G U R E 4 Bending and cracks in titanium base seen under low magnification (20×) optical microscope after fracture load testing disilicate abutments were seen as brittle fractures in the abutments itself. On the other hand, other laboratory studies showed that zirconia abutments with titanium bases survived fatigue loading; however, they studied anterior restorations with much less fatigue loading (Butz, Heydecke, Okutan, & Strub, 2005; Joo et al., 2015; Protopapadaki et al., 2013) . Butz et al. (2005) used prefabricated zirconia abutments sintered to titanium bases and Protopapadaki et al (Protopapadaki et al., 2013) used 500,000
cycles of 100 N load at 5 Hz which are comparably less than the number of cycles used in the current study.
The fracture resistance of zirconia restorations was higher than that of lithium disilicate ones, which is also attributed to the material properties (Li et al., 2016; Vagkopoulou et al., 2009 ). However, the median fracture load of groups LS and LC was still higher than the reported maximum premolar masticatory force, 222-445 N (Ferrario et al., 2004) , which makes them clinically acceptable for use in the premolar region. However, the maximum masticatory force in the molar region is around 900 N; therefore, it is not recommended to use the design of the group LC in the posterior molar region (Zivko-
Babić et al., 2002).
There was no statistically significant difference between the two designs. However, after fracture load test, all specimens in groups ZC, LS and LC fractured after the fracture load test, while three specimens from group ZS did not fracture even after reaching loads above 3,500 N. This explains that the combination of high strength zirconia ceramic with the hybrid-abutment-crown design was capable of withstanding these unrealistically high forces and transferring the load to the weakest component, implant-base connection, causing bending. These findings support what has been addressed in a recently published systematic review, where the findings supported the use of screw-retained restorations (Priest, 2017) .
Our results were in agreement with several studies comparing screw-retained restorations with cement-retained restorations (Hussien et al., 2016; Sailer et al., 2012; Wittneben, Millen, & Brägger, 2014) . In contrast, Nogueira et al. (2016) reported that screw-retained veneered zirconia restorations had statistically significant lower fracture resistance than cement-retained restorations.
However, in this study veneered zirconia restorations were used and failures in the screw-retained group were found exclusively in the veneering ceramic, which explains the lower fracture resistance of the screw-retained group. This was avoided in our study by using monolithic restorations.
Regarding failure mode; all titanium bases in all groups showed bending with and without fractures of the titanium base after fracture load test. The amount of deflection of the titanium base was more in group Z than in group L. This is attributed to the higher loads reached before fracture or deformation in zirconia restorations (3,810 N) in comparison to lithium disilicate restorations (1,295 N) .
This was in agreement with several studies who reported bending at the titanium bases of different hybrid-abutments (Elsayed et al., 2017; Joda, Huber, Bürki, Zysset, & Brägger, 2015; Mühlemann, Truninger, Stawarczyk, Hämmerle, & Sailer, 2014; Protopapadaki et al., 2013; Truninger et al., 2012) .
Overall, 25% of the titanium bases fractured during chewing simulation, this increased to 37.5% after fracture load test. These findings can be attributed to the titanium base design and material properties. The longer the moment arm, the greater the bending moment (Mascarenhas, Yilmaz, McGlumphy, Clelland, & Seidt, 2017) . The length of the superstructure (11.5 mm), short titanium base (3 mm), platform switching design and 2 mm exposure of the implant shoulder (as recommended by ISO standard 14801 for testing implant abutments), simulated a worst-case scenario of loading and thus created a great lever arm force at the implant-base connection leading to bending and eventually fractures at the buccal shoulder of the titanium bases. These findings were in agreement with some studies Mascarenhas et al., 2017) . The loading factors used in this study might underestimate the potential of such restorations. Thus, still more clinically relevant data should be obtained using different designs of titanium bases to evaluate their performance clinically.
Overall, 15.6% of the specimens showed adhesive failures during chewing simulation. Other laboratory studies also reported adhesive failures between abutment and titanium bases after static compressive loading Kim et al., 2013; Protopapadaki et al., 2013) . This might be attributed to the minimum area of bonding for the short titanium bases being used. Therefore, it is highly recommended to study the effect of the length of the titanium bases on the fracture loads of hybrid-abutment designs.
No fractures were detected in zirconia restorations after chewing simulation. However, after fracture load test, plastic deformation of the titanium base and screws only took place for some specimens. Fracture load of these specimens was identified when a deviation from a linear slope to an irregular curve took place in the load-displacement curve (Strub & Gerds, 2003) . This finding can be attributed to the titanium base design, material properties and hybrid-abutment-crown material and design, which act as a oneunit (monolithic), thus enhancing the overall strength of the structure. This is in agreement with other studies (Elsayed et al., 2017; Protopapadaki et al., 2013) .
Overall, 18.8% of lithium disilicate restorations fractured during chewing simulation. Fracture patterns were uniformly located at the buccal-cervical margins of the abutments and were related to the fractures seen in the titanium bases. This can be attributed to the direction of load applied and area of anti-rotational feature of the titanium base. During fracture load test, all lithium disilicate specimens fractured. This is in agreement with where lithium disilicate hybrid-abutments exhibited extensive fragmentations after fatigue loading.
Within the limitations of this laboratory study, it was found that zirconia and lithium disilicate hybrid implant-supported restorations (hybrid-abutment-crowns and hybrid-abutments) with short (3 mm) titanium bases failed in a considerable number already during chewing simulation. Therefore, despite their high fracture strength the use in the posterior region should be considered critically. Additional laboratory and clinical studies are needed to study the effect of the titanium base design on the fracture strength of the complete structure. 
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